ABSTRACT
INTRODUCTION
Since early 1940s, polymethylmethacrylate (PMMA) remained as the principal material of choice for the denture base construction. PMMA stayed popular due to its favorable characteristics, low cost, ease of handling and processing as well as ability to repair. It provides Codex : 33/1807 (286)
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ADJ-for Grils, Vol. 5, No. 3 prosthesis with accurate fit and stability in the oral cavity. In addition to that, it provides an esthetic appearance (1, 2) . However, there are still concerns when it comes to the strength and stiffness of this material. Denture fractures could result from the inherent mechanical properties of the denture base resin or as a result of oral anatomical variations such as increased ridge resorption, or deep incisal notching at the labial frena. Fracture may also occur at areas of sharp contours or profound scratches or as a result of induced processing stress (3, 4) .
Over the years, multiple attempts have been made to improve the strength of PMMA and its performance thereafter. Those trials include a chemical approach involving copolymerization and crosslinking or a physical approach by reinforcement with different fibers (5) , or metal particles (6) . Out of these additions, glass fibers (GF) have received much attention (7) . Studies have shown that GFs had a significant positive effect when the proper fiber length and ratio is incorporated into the acrylic resin and adequate processing technique is employed (7, 8) . Silanated GFs provide good adhesive properties to polymer matrix in addition to their esthetic qualities, which make them a good choice for dental applications (8) . Mechanically, it has been reported that GF improved properties of the denture base resins, particularly fatigue resistance (1, 9) .
Besides fibers, the incorporation of nanoparticles into PMMA had gained attention in recent years. Of these, zirconia nanoparticles (NZ) used to reinforce and improve the physical and mechanical properties of PMMA/ZrO 2 nanocomposite (10, 11) . Recently, the effect of NZ on transverse strength of repaired denture base has been studied and revealed a significant increase in transverse strength especially with high NZ concentrations (12) .
The hybrid reinforcement systems have been carried out previously, to develop mixtures of different fibers, metal oxides, or fibers and fillers reported to produce improvements of the physical properties rather than adding them separately (7, 13) .
The hybrid reinforcement can be generated by one of the following methods: adding a mixture of more than one type of fibers 14 , combining a variety of metal oxides and ceramics (15) , adding mixtures of metal oxides and fibers (16, 17) , or using a combination of ceramic fillers (13, 18, 19) . A previous study reported promising results for flexural strength and toughness of acrylic resin reinforced with a hybrid mixture of fiber reinforcing materials (20) .
Dentures during function are subjected to different forms of stresses including compressive, tensile and shear stress. The intensification of stresses seems to be the main reason for intra-oral denture fractures (4) . The tensile test is expected to provide valuable information on the strength properties of the polymers (21) . Therefore, the tensile strength test was selected for this current study. Although the incorporation of NZ and GF into PMMA to improve its physical and mechanical properties has been done separately, to the knowledge of the authors, there were no studies done to evaluate the effect of NZ/GF mixture reinforcement on the mechanical properties of heat-cured denture base acrylic resin. Therefore, this study intends to evaluate the tensile strength of denture base acrylic resins reinforced with a mixture of NZ/GF with different concentrations using the same experimental conditions. The null hypothesis in this study was that NZ/GF mixture did not enhance the tensile properties of denture base acrylic resin.
MATERIALS AND METHODS

Molds preparation
According to ISO standard #1567 for denture base polymers (22) , dumbbell-shaped metal plates with dimensions (32 mm× 6 mm × 2.5±0.03 mm) were fabricated. The metal plates were invested in dental stone within the flask. After setting of stone, a separating medium was applied and the upper half of the flask was filled with a second layer of stone and closed. After complete setting of stone, the flask was opened and metal plates were retrieved creating Tensile Strength of Denture Base Material Reinforced With Zirconia Nanoparticle and Glass (287) mold spaces for acrylic resin packing. Both parts of the flask were cleaned with warm water, left to dry then coated with separating medium while the stone was still warm.
PMMA-NZ/GF composite preparation
GF and NZ treatment
In the present study, surface treatment of the NZ and GF with a bifunctional silane coupling agent [3-trimethoxysilyl propyl methacrylate, (TMSPM)] (Shanghai Richem International Co., Ltd. Shanghai, China) was performed. This agent has functional hydroxyl groups that bond to the fillers and fibers in addition to the presence of C=C bonds which reacts with PMMA during polymerization and bonds it to NZ and GF (17, 19) . GF (E-glass, Shanghai Richem International Co., Ltd., Shanghai, China) 3 mm in length and 12 μm in diameter (Fig. 1A) were weighed using electronic balance (S-234; Denver Instrument) to create different concentrations of acrylic powder/GF mixtures (table 1). Pre-weighed GFs were soaked in 97% TMSPM for 1 min at room temperature, followed by drying at 60˚C for 24h 23 . NZ (Shanghai Richem International Co., Ltd., Shanghai, China) with 99.9% purity, surface area of 9±2m 2 /g and an average size of 30± 2nm (Fig. 1B) was treated with 0.3 g of TMSPM. This process allows for adequate adhesion between the resin matrix and NZ (11) . 
Nanocomposite preparation
The amount of NZ+GF addition was fixed at 5wt% of the acrylic powder. However, the ratio of NZ+GF changed for every groups and is described in Table 1 . The sum of treated pre-weighed NZ and GF percentages allocated per group were added to heat-cured acrylic resin powder in a plastic beaker, forming 100% of mixture for each group (95% acrylic powder-5% additive). Mixtures were stirred with a blender at a speed of 400 rpm for 30 min to distribute NZ and GFs evenly within acrylic powder and obtain a homogenous color.
Acrylic resin specimens preparation
According to manufacturer' recommendation, the polymer is added to the monomer, mixed and left aside to reach dough stage then packed under pressure using pneumatic press. After one hour the clamped flask is placed in thermal curing unit (KaVo ElektrotechnischesWerk GmbH, Leutkirch, Germany) for polymerization. The polymerization cycle starts with cold water heated to 70° for 90 minutes followed by 100°C for 30 minutes. After curing, flasks are allowed to cool to room temperature, and the acrylic specimens were retrieved. Resin flashes were removed using (288) Mohammed M Gad, et al.
ADJ-for Grils, Vol. 5, No. 3 arbor band and specimens were then finished and polished. A digital caliber was used to evaluate the specimens dimensions. Specimens not meeting the dimensional criteria were discarded. Approved specimens were kept in distilled water at 37 o C for 1 week before testing.
Conducting tensile strength test.
For measurement of tensile strength of PMMA-NZ/GF and elongation at fracture, each specimen was fixed in a vice on a universal testing machine (Instron 8871; Instron Co., Norwood, MA, USA) with a load cell of 5 kN and a chart speed (20 mm/ min). Then, the samples were tension loaded at a crosshead speed of 0.5 mm/min until fracture. Failure load was recorded in Newton (N). To calculate the tensile strength in (MPa), the load at failure (N) was divided by surface area (mm 2 ). The value of tensile strength was computed using the following formula: TS=F/A, Where, TS = Tensile strength (N/mm 2 ), F = Force at failure (N), A = Area of a cross section at failure (mm 2 ). Testing procedures were performed at 23° C and 50% relative humidity (24) .
Scanning electron microscopy (SEM)
Surface fractographs were obtained using SEM (FEI, ISPECT S50, Czech Republic). Specimens were sputter coated (Quorum, Q150R ES, UK) with gold to overcome the non-conductive nature of acrylic. The specimens were then attached to a metallic stub using double-sided adhesive tape and images were taken at different magnifications to note important features about the nature of the failure.
Statistical analysis
The software package SPSS-20.0 (IBM, Armonk, NY) was used to perform statistical analysis. Tensile strength values were tabulated and transformed into arithmetic means and standard deviations (SD). Comparisons of tensile strengths between control and experimental groups were done using one-way ANOVA and a Tukey-Kramer multiple-comparison test. A p-value ≤ 0.05 was considered statistically significant.
RESULTS
Tensile strength
The mean values, standard deviations and significant differences are presented in Table 2 . The addition of NZ significantly increases the tensile strength in comparison to control group (P <0.05) while no significant difference was noted with GF addition (P>0.05). The mixture of NZ/GF results in variation of tensile strengths depending on the ratio of NZ/GF. A significant increase in tensile strength value was found in group D (50%NZ-50%GF) which showed the highest strength value among hybrid groups (B,C,D,E,F). Moreover, there is no significant difference between groups C (60%NZ-40%GF), E (40%NZ-60%GF), and F (20%NZ-80%GF) while group B (80%NZ-20%GF) showed a significantly low tensile strength value (37.78±3.2MPa).
Elongation at break
The mean values, standard deviation of elongation at break and the p-values are presented in Table 2 . The results presented in Figure 2 and Table 2 shows no significant difference of elongation percentage at break between the control and group A. Furthermore, the values of elongation percentage decreased with decreased volume fraction of NZ/GF. This decrease was obvious for groups B (80%NZ-20%GF), C (60%NZ-40%GF), and D (50%NZ-50%GF) while the percentage of elongation increased gradually as GF content increased as shown in groups E (40%NZ-60%GF), and F (20%NZ-80%GF) and reaching the highest elongation value in group G (0%NZ-100%GF). The only significant difference was found between group G and other reinforced test groups. TEM results of ZrO 2 nanoparticles: TEM imaging was carried out to measure the size of NZ particles. Different particles were measured by extracting the intensity profiles. The average size was estimated around 32±2 nm and a standard deviation of 11 nm.
Morphology of fractured surfaces (SEM)
The morphology of polymer mixtures depends on the nature of constituents, ratios, addition methods, mixing, and processing techniques. The fractured surfaces of the specimens were examined using SEM (Fig. 3) . Control specimens showed smooth surfaces (Fig. 3A) while NZ addition changed the surface topography where multiple lamellae and depressions were evident (Fig. 3B) . It was found that the addition of GF to PMMA/NZ as in group B showed smooth mirror like appearance with small cluster formations of NZ and bundles of GF (Fig.  3C, D) . Altering NZ/GF ratio as in groups C, D, and E caused a rougher surface but with homogenous distribution of NZ and GF. Moreover, the cohesive and adhesive fractures of some GFs were noticed (Figs. 3E, F, G) . Increasing GF ratio resulted in larger bundles of fibers surrounded by smooth resin matrix surface (Fig. 3G, H ). Figure 4 , showed different behaviors of GFs within the resin matrix, some GF bundles pulled out of the matrix (Fig. 4A ) leaving large voids on opposing respective surfaces (Fig 4B) . High magnification images (5000X), showed the distribution of NZ/GF with cohesive fracture and pull out of some GFs (Fig. 5A) while (Fig. 5B) showed GF bundles thin layers of acrylic resin matrix in between. 
DISCUSSION
Even with the advanced technology, hybrid systems were suggested to increase the properties of final products and subsequently increase the longevity of dentures for clinical use (7) . This could be obtained through one reinforcing material or a combination of two reinforcing materials within PMMA. This resulted in new polymeric materials with new properties that are in some situations better than those presented by single material reinforcement (7, 25) . New PMMA/composite materials were obtained by incorporations of fibers, fillers and nano-fillers (7, 26) . Among these additives are the commonly investigated GF and NZ used for the reinforcement of PMMA (1, 4, 7, (26) (27) (28) . Both additives provided promising results in mechanical properties especially on the impact strength values of PMMA (7) . Because of the lack of conclusive evidence concerning the use of NZ and GF reinforcement and their effects on the tensile properties, this in-vitro study was performed to determine tensile strength of PMMA after the addition of NZ, GF, or NZ/GF with different ratio. According to the results of this study, the combined reinforcement increased the tensile strength in comparison to the non-reinforced control specimens, confirming that the addition of different ratios of NZ/GF into the resin matrix would improve tensile strength. Therefore the null hypothesis was rejected.
The results of the current study showed that the addition of NZ increased the tensile strength of PMMA/NZ composite. This outcome is in agreement with previous studies confirming the positive effect of NZ addition to PMMA denture base material where it had a direct relation with flexural, impact, and tensile strengths (11, 24, 26) . The increase in tensile strength could be linked to a good dispersion of the NZ fillers within the matrix, and due to their nano-size, they have the capability of filling the matrix interstitially and improving the strength thereafter. The strong adhesion formed between the silane coupling agent covering the surface of the fillers and the resin matrix improves the nanocomposite mechanical properties (7, 11) . Moreover, the satisfactory distribution of nano-ZrO 2 within the resin matrix allows for stress transfer from the weak PMMA matrix to the strong nanoZrO 2 fillers. Another explanation for the increase in tensile strength may be attributed to the inherent feature of zirconia and its ability to transform from the tetragonal to monoclinic phase, namely transformation toughening, resulting in absorption of crack energy. Also, in this process, expansion of ZrO 2 crystals occurs and places the crack under a state of compression, arresting its propagation (11, 26, 27) .
A previous study (28) investigated the effect of titanium oxide nanoparticles addition on the tensile strength of denture base resin and found a decrease in tensile strength with the increase in filler content, which is in disagreement to the results of this study. The authors of that study attributed the decrease in tensile strength to agglomeration of the added fillers, acting as stress concentration areas within the matrix resulting in unfavorable mechanical properties of the composite material (6, 28) . Also, the agglomerated fillers form loosely attached clusters affecting the mode of crack propagation, leading to reduction in tensile strength (26, 28) . However, the results of this study exhibited an increase in tensile strength, even with high filler concentrations. These differences could be due to the nature of nanoparticles used or the effect of salinization on NZ distribution.
As seen in (Fig. 3B) , the SEM micrographs showed good surface characteristic with 100%NZ-0%GF addition (group A). The increased lamella with pits and fissures in group A in comparison to control group are representative of fracture mode of high strength materials. Additionally, no clustering of these nanoparticles was seen, validating a uniform distribution of nanoparticle. The SEM analysis showed nanoparticles filling inter-polymeric spaces, which in return stops the crack propagation yielding a stronger material (7, 28) .
Reinforcing ability of the fibers is dependent on their adhesion to-and impregnation within-the polymer matrix (29) . To do so, the surface of GFs is treated with coupling agent to enhance bonding to the resin matrix (24, 26, 30, 31) . Because the resin matrix and GF have different moduli, the two materials fall under different tensile strains. The strain in the fibers is less than that in the polymer matrix, and due to this strain difference, shear stresses are generated around the fibers along their long axis while the fibers are tensioned (31) . However, a fiber can withstand significant stresses up to fracture load and improve the strength of reinforced PMMA compared to unfilled one (12) . This positive effect of GF was obvious with all hybrid groups except group B. The results of the current study revealed that the addition of 5% GF as shown in group G (0%NZ-100%GF) decreased the tensile strength compared to control group. This decrease in tensile strength values may be based on the random orientation of fibers or the bundle formations, which interfere with matrix continuity and stress transfer between fibers and polymer or within the same material (32, 33) .
The reduction in the PMMA-composite's tensile strength may occur due to poor interface bonding between fiber bundles themselves as well as between ( 
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the bundles and the matrix, resulting in poor adhesion and fiber pull-out, which are not good to transfer the tensile stresses (34) . This might help explain the observations in the SEM analysis where fibers were pulled out of the resin matrix under tension indicating weak adhesion. Although this study used salinized fibers, the defect in the bond at GF/matrix interface may be due to polymerization stress of GF surface and thermal stress (8) . SEM graphs confirmed that that GF were not well distributed within the polymer matrix with some clusters seen (Figs. 3  G, H) . Images of SEM examination showed fibers pulling out of the resin matrix leaving voids and/or causing crack propagation from these pores under tensile loading. However, at higher magnifications, SEM fractographs showed no evidence of PMMA particles attached to the surface of fibers (Figs. 3H, 4A) In hybrid composites (PMMA-NZ/GF), it can be noticed that the values of tensile strength changed when the ratio of NZ and GF in the PMMA composite material changed except for group B. Adding low percentage of GF to PMMA/ NZ significantly decreased the tensile strength in comparison to group A. This decrease in the tensile strength for group B could be attributed to GF bundles formation during mixing, packing or due to random orientation of glass fibers. Altering NZ/GF ratio from that of group B, cause the tensile strength to increase as shown in groups C and D. The tensile strength increased reaching the highest value in group D with an increase of 67% compared to nonreinforced PMMA. Therefore, the reinforcing effect of PMMA-NZ/GF composite was more effective. This was possible because of the synergistic effect of NZ and GF in enhancing the mechanical properties of PMMA (7) .
As presented in Table 2 , changing NZ/GF ratio resulted in variation of tensile strength values. As the NZ or GF addition increased, (away from 50%NZ-50%GF) a decrease in tensile strength was observed. When GFs amount increased more than 50%, the tensile strength decreased. This can be seen in group E followed by group F and finally group G which showed the lowest tensile strength value (29.59±2.4 MPa) compared to other test groups.
The amount of filler used to reinforce the acrylic resin is another important factor affecting the mechanical properties (35) . The percentage of filler used for reinforcement should be calculated properly to insure even dispersion into the resin matrix without interrupting its continuity (10) . This was confirmed by the results of this study, as the ratio was altered, the tensile strength was affected. Increasing the GF amount resulted in bundle formation and eventually a weak composite (Figs. 3G & 3H). In the same manner, increasing NZ resulted in a positive effect on the tensile strength of the composite material until the proper percentage of mixture was reached represented with group D with the highest strength values. All test groups except group B had significantly higher tensile strength values than control group confirming the favorable effect of hybrid reinforcement with NZ and GFs in agreement with previous studies (36, 37) . The results of the present study confirmed that at certain percentages (50%NZ-50%GF), the tensile strength was at its maximum. Altering the ratio (increasing or decreasing) from this optimal level led to a decrease in tensile strength. This is confirmed by the SEM investigation of the fractured surfaces. A homogenous distribution of NZ particles within the resin matrix (Figs. 3 D, E, G) proves their positive effect in improving the tensile strength of nanocomposite. Furthermore, GFs fracture at the failure site revealed good adhesion between salinated GF and resin matrix (Figs. 3  D,E) . However, when the amount of GFs was at its maximum (0%NZ-100%GF), GF congregated as bundles resulting in poor adhesion to resin matrix, which cause easy detachment from resin matrix leaving large voids (Figs. 4 A, B) At the end, the tensile strength deteriorated in comparison to other hybrid nanocomposite groups but was still higher than control group.
Tensile Strength of Denture Base Material Reinforced With Zirconia Nanoparticle and Glass (293) In terms of elongation value at break, it was noticed that no change was seen in the values when NZ particles were added to PMMA resin while the addition of NZ/GF with different ratios decreased the elongation percentage when compared to control and PMMA/NZ specimens. The decrease in the elongation percentage depends upon the interface bonding between PMMA matrix and reinforcing materials, therefore, the decrease in the elongation percentage may be attributed to the formation of a strong PMMA-composite material (38) . Furthermore, it can be noted that the values of elongation percentage for groups B, C, and D are lower than those for group A. This is due to the higher mechanical strength of hybrid reinforcement with NZ-GF.
A good interfacial adhesion between resin matrix and added fibers is essential to prevent craze initiation and absorbs crack energy (33) . When GFs are added to the PMMA, the elongation percentage increased. This may be explained by the debonding or separation of the fibers from the resin matrix resulting in increased elongation. Previous results (39) coincide with the results of the current study where they found that as the tensile strength increased, the elongation at break decreased. PMMA/GF used in this study caused the maximum elongation in the composite at break.
Clinically, the improvement of the mechanical properties of the PMMA denture base through the addition of different reinforcing materials is required. As suggested in the current study, the combination of NZ and GF could be used to enhance PMMA. 95%PMMA-2.5%NZ-2.5%GF hybrid reinforcement was the optimum level that produced a composite denture base material with adequate mechanical properties for removable prosthesis fabrication. The meticulous incorporation of those specific amounts resulted in better tensile strength of the final hybrid nanocomposite material.
The limitations of this study include: fixed concentrations of additions to the acrylic resin powder, only one type of denture base material was tested, one test conducted, and the testing conditions did not exactly mimic the oral environment. Therefore, further investigations with different concentrations, different types of denture base materials, and ageing procedures in conditions simulating the oral environment are recommended. Furthermore, the effect of those additives on other physical and clinical properties of the denture base resins must also be studied.
CONCLUSION
Within the limitations of the present study, the following conclusions could be drawn:
1. The addition of 5% NZ increased the tensile strength of PMMA denture base material while the addition of 5% GF didn't.
2. The elongation at break didn't change with the addition of 5% NZ, decreased with hybrid additions, and increased with 5% GF addition.
3. Hybrid addition of NZ/GF to PMMA denture base material improved the tensile strength and the highest value was seen with the addition of 50% NZ/ 50% GF, which is recommended to be used as the proper ratio to improve the mechanical properties of final nanocomposites.
